Nowadays the heat pump technology is an efficient solution in the residential sector since it allows to reduce CO 2 emissions and to exploit renewable energy sources. At the same time, the solar energy is the renewable source for excellence.
INTRODUCTION
Global warming, mainly due to human activities and greenhouse gas emission, has pushed to develop new air conditioning systems, obtained from the combination of different components and the use of renewable energy sources. Residential buildings are responsible for a significant part of greenhouse gas emissions. In Italy, ISPRA [1] revealed for year 2012 an impact on emissions of 18.5% caused by the residential field. In this context, the heat heat pump technology plays a key role in improving energy efficiency and reducing fossil fuel usage through the exploitation of heat sources at low temperature, which are otherwise not usable for space heating and domestic hot water (DHW) production.
Nowadays, the most common heat pump technology uses the external air as the heat source, because a low initial investment is required and it can be used everywhere. However, operating costs are higher due to the variability of the air temperature and defrosting cycles. Ground Source Heat Pump (GSHP) technology requires high initial investments but can ensure lower operating costs due to the constant ground temperature. However, the ground energy exploitation can cause the so-called thermal drift [2] : if load profiles are heating-dominated, heat extraction from the ground involves its temperature decrease; on the other hand, if load profiles are cooling-dominated, mean ground temperature increases. Therefore, the heat pump's long-term efficiency decreases. To minimize the thermal drift, three possibilities are usually used [3] : an increase of borehole length, usage of hybrid systems coupled with existing components, such as cooling towers in the case of coolingdominated buildings and auxiliary heat generation components for heating-dominated buildings, and the combination of solar collectors with GSHPs. This latter represents the most promising and investigated solution in the case of heating-dominated load profiles and makes the decrease of the total borehole length possible, with a consequent reduction of the investment costs.
The combination of a GSHP with a solar system can be realized in different ways. Eslami-nejad et al. [4] investigated single and multiple borehole configurations; in the first case, a U-tube heat exchanger was linked to thermal solar collectors, intended to prepare DHW, and the other one was linked to a GSHP, intended to heat the building. When a surplus of solar energy was available, solar heat was injected by means of the borehole into the ground. Through TRNSYS simulations, it was established that solar injection in a single borehole did not achieve an appreciable increase in heat pump efficiency, whereas it was really efficient in the multiple borehole configuration.
Kjellsson et al. [5] analysed different alternative systems for DHW and space heating, with combinations of solar collectors and GSHPs. By means of TRNSYS simulations, they concluded that the optimal design to decrease the consumption of electricity of the system is when solar heat produces DHW during summertime and recharges the borehole during wintertime.
Hawlader et al. [6] performed analytical and experimental studies on a solar assisted heat pump located in Singapore, where solar collectors acted as the evaporator of a heat pump. The results outlined that the thermal performance of the system was strongly affected by solar radiation, collector area, storage volume where the condenser was installed, and the speed of the compressor.
Indirect use of solar heat by means of heat pump technology allows the installation of low temperature solar systems, such as unglazed thermal collectors or PVT solar panels.
Dott et al. [7] have conducted a simulation study to compare nine possible heating systems supplying space heat and DHW by means of both heat pump and solar systems. For the same roof surface, some of the system configurations considered covered flat plate collectors, others the juxtaposition of thermal and photovoltaic panels, the last one PVT panels. The highest seasonal energy performance of the heat pump was found in the case with PVT panels, which also generated the highest amount of electricity.
Bakker et al. [8] simulated by means of TRNSYS a solar assisted GSHP system with 25 m 2 of PVT panels. PVT panels could provide heat to a storage vessel for a direct use or to the evaporator of the GSHP. The authors found that the system was able to cover the total heat demand of DHW and space heating of a one-family dwelling, and 96% of its electricity use. Furthermore, thanks to the recharge of the ground due to solar heat injection, the mean ground temperature was kept constant, avoiding the decrease of the energy efficiency of the heat pump. Another advantage of this operation was the cooling of the PVT panels, with a consequent increase of the electricity production.
2 THE CASE STUDY This paper investigates four plant system configurations for space heating and DHW production of a residential building located in the city of Vicenza in the north-east of Italy. The configurations have been obtained through the combination of heat pump technology with different heat sources as air, solar and ground. Therefore, special focus is paid on the heat source of the heat pump. The schemes of the systems are represented in Fig. 1 .
All the investigated case studies present an air-to-water heat pump coupled to a waterto-water heat pump. The choice between the two heat pumps is made, for each time-step, evaluating the highest energy efficiency.
In the Case A the heat source for the water-to-water heat pump was provided by a 6 kW PVT solar collector field while in the Case B the solar field was replaced by two 30 m long vertical borehole heat exchangers. In the Case C, solar and ground sources were simultaneously used. In this case, at each time-step, a suitable control strategy was implemented to choose the heat source to be used by the heat pump. In daytime the heat is usually provided by PVT panels, whereas during the night and when solar radiation is low the heat is often provided by the ground source.
Special focus was paid on the most complex system, i.e. the Case D. This case study is different from the previous ones since it provides for the possibility of balancing ground load: during the heating period, the heat is extracted from the ground, whereas during summer the surplus of thermal solar energy is injected into the ground.
METHOD
The main objective of this work is the evaluation of the energy performances of different multisource systems to provide heating and DHW of a dwelling. As reference, the results were compared also with a standard air-to-water heat pump which represents the reference system.
The first phase of the present work involves the development of a mathematical model in Matlab. It describes the solar panels thermal behaviour depending on the weather and operating conditions, so that thermal and electrical performances can be evaluated. Then, the model has been coupled with TRNSYS by means of a dedicated Type (i.e. Type 155) able to call the Matlab program during each time step.
The second phase consists of dynamic simulations, which have been carried out using the TRNSYS tool, in order to obtain and compare the system configurations energy performances.
An energy analysis requires weather data, building load profile and DHW consumption, characteristics of the plant and its components, control strategies. The main components are the water-to-water heat pump, the air-to-water heat pump, the solar PVT collectors, the borehole heat exchangers, and the storage tank. Borehole heat exchangers were simulated with existing TRNSYS type 557, whereas mathematical models developed in Matlab were implemented for the both heat pumps and PVT solar panels. The storage tanks have been simulated with the model present in the TRNSYS code (i.e. Type 4 for the "Thermal Storage" and Type 534 for the "DHW Storage" in Fig. 1 respectively) .
Two vertical borehole heat exchangers were considered. They are 30 m long and 6 m spaced apart. The short total length of 60 m is due to the relatively low heating load profile of the building. As for the solar array, unglazed PVT roll-bond panels were selected (an example of this component is shown in Fig. 2) ; they are made of a photovoltaic panel in the back of which a roll-bond aluminium plate heat exchanger is applied. This heat exchanger consists in very narrow channels where the heat-carrier fluid, a propylene glycol-water solution, flows.
No insulation is present in the rear part of the aluminium plate, therefore high temperatures cannot be achieved. In this study, a 6 kWp solar panel installation was chosen, for a total surface of about 40 m 2 . Such a size allows to meet all the electricity demand of the system, including auxiliaries. Moreover, when ground recharge is considered, it assures the balance of the ground load.
The annual electricity production of the analysed PVT solar array was also compared with that of the same solar array with no roll-bond plate heat exchanger.
The storage tank is the core of the whole system and it is a key component when the energy source is extremely variable and unforeseeable. Thanks to the storage tank it is possible to temporally split the production and demand of energy. In this study, the storage volume of the tank was one cubic meter, which is a compromise between inertia effect and space issues. Chow [10] analyzed a PVT collector by means of a complex tridimensional dynamic model, based on the finite-difference approach. Simplified approaches based on 1-D models have been developed by some researchers [11] [12] [13] . They introduced some simplifications such as negligible heat losses at the edges of the panel, constant physical properties of components, perfect contact between the PV sandwich and the plate heat exchanger below, sky as a black body. In this work the same previous hypotheses have been used.
Energy fluxes involved in the overall system balance are shown in Fig. 3 , whereas Fig. 4 outlines a scheme of thermal resistances due to heat conduction, convection and radiation.
The input parameters are the intensity and angle of incidence of solar radiation, air temperature, sky temperature, wind velocity, inlet temperature and mass flow rate of the heat-carrier fluid. The energy balance at each node is written and then the system of equations is solved. As a consequence, the model calculates the useful heat rate, the electrical power, the outlet 
The calculation method is an iterative process. At the beginning, initial values of the temperature of glass, cells and plate are set, so that electrical power, and total heat fluxes due to convection and radiation exchanges can be calculated. The electrical properties of the PV module used in the simulations are typical of a polycrystalline panel, considering the effect of the cell temperature on the electrical power [14] .
THE HEAT PUMP MODEL
To analyze the thermal performance of the heat pumps and to manage their control, a Matlab code has been developed. The input parameters are: inlet temperature and mass flow rate at the evaporator side, inlet temperature and mass flow rate at the condenser side, ambient air temperature and heating demand of the building. The output parameters are the outlet temperatures at the evaporator and condenser side, electric consumption and energy efficiency (i.e. COP).
The choice of the heat source (air or water) depends on the COP values of the two heat pumps at each simulation time-step, which was set to 15 minutes. Table 1 summarizes the main properties of the heat pumps.
THE BUILDING
The building is a single family-house with a total floor surface of 108 m 2 and well insulated walls and windows. The building load profile is shown in Fig. 5 and the total energy needed for heating [16] . In this study the temperatures of the municipality water and hot water production were set to 10°C and 45°C, respectively.
7 RESULTS AND DISCUSSION In this section, the main simulation results are reported and discussed. Table 2 shows the values of the total annual useful heat and electric energy produced by the PVT panels with the corresponding energy efficiencies, heat extraction and injection rates of the borehole heat exchangers, the mean ground temperature, the electric consumption of the two heat pumps and finally the seasonal COP of the system (i.e. the ratio between the building energy demand and the electrical consumption of the two heat pumps).
As it can be seen, the thermal efficiency of the PVT system is quite low. This is due to the absence of insulation in the rear part of the heat exchanger, and the type of the PVT device, which is unglazed. The thermal efficiency is referred to the whole PVT system, therefore, it is a mean value that considers the increase of the cell temperature and the consequent decrease of efficiency from the first to the last module of the series.
In Case A, where just solar and air sources are present, the electric efficiency of the PVT system is equal to 15%, which is also the reference efficiency provided by the manufacturer. This is an annual mean value, since it ranges from 14.4% obtained in July, to 16.5% in December. Such a value has been compared to that obtained, with the same boundary conditions, from the simulation of a corresponding PV system without the rear heat exchanger; the increase of annual efficiency of the PVT solar field, due to the cooling of the panels, is of about 1%. This low value is due to the fact that the entering fluid temperature to the solar heat exchanger is not always low to sufficiently cool it. That occurs especially in summer, when the load profile is just related to the DHW demand and the mean temperature of the storage tank is often higher than 25°C.
The temperature of the fluid from the PVT roll-bond plate achieves a maximum temperature of 60°C throughout the year and a minimum temperature of about −10°C, which is lower than the minimum external air temperature (−7.1°C). This phenomenon can be explained considering the radiation heat transfer between solar panel and sky, which becomes important when no solar radiation is present. In Case B, heat extraction involves a decrease of the undisturbed ground temperature, consequently the total useful heat of the air-to-water heat pump increases from the first to the tenth year of operation. The exploitation of air increases over the years to remedy to the decrease of the water-to-water heat pump efficiency.
In Cases C and D, the combination of solar and ground sources usually involves a higher mean temperature of the storage tank and therefore the operation period of the air-to-water heat pump is limited. Moreover, it determines the possibility to decrease the ground load; in the first year, the extraction of heat from the ground is less than about 30% of the extraction obtained in Case B. In the cold months the temperature of the heat-carrier fluid of PVT system is often lower than that of the ground loop; on the other side, in summertime the temperature of the heat-carrier fluid of PVT system is often higher than that, except during the night. However, since the mean temperature of the storage tank is higher than the temperature of the heat-carrier fluid from boreholes, the ground loop is always switched off in the warmer months. Therefore, the thermal contribution given by the solar source is about double that supplied by the ground source.
When heat is injected into the ground, the benefits in terms of COP of the water-to-water heat pump are not so high, since the ground source becomes more convenient during the night, when the DHW demand is limited. Moreover, the analysed borehole field cannot act as an energy storage due to its limited extension. Finally, the recharge of the ground increases its mean temperature, but, as a consequence of the heat release to the ground, slightly reduces the temperature of the heat-carrier fluid entering the storage tank. As a result, the difference of performances between the Cases C and D is negligible.
The electric production is increased thanks to the recharge of the ground, which allows to cool the PVT panels. However, since surplus of solar energy is available just when the temperature of the storage tank exceeds 30°C, the cooling is limited. For this reason, compared to the Case A (PVT + air), the annual increase of electrical production is of 56 kWh only (i.e. an increase of about 1%). Considering that the recharge occurs during 502 hours per year, the advantage is obtained if the power of the circulators is less than 110 W.
The aim of the simulations is to compare the energy performances of the analysed configurations. The reference value is the COP obtained from the simulation with a standard air-to-water heat pump which provides heat for the same building in the same boundary conditions. The results are reported in Fig. 6 , for the first and the tenth year of simulation respectively. It is possible to conclude that all the examined system configurations provide a significant increase of efficiency compared to the reference solution (i.e. the system which has only the air-to-water heat pump system, the properties of the air-to-water heat pump are the same reported in Table 1 of the Section 5).
The configuration of Case B with the GSHP supplies the lowest COP. The configuration with PVT (Case A) devices assured a COP equal to 3.64. The most complex cases (C and D) provided very similar results. The recharge of the ground did not contribute to a significant increase of performance, as explained above. At the same time, it assures a constant performance over time, even if the configuration without recharge did not significantly decrease. As a result, it is possible to conclude that the complexity of the last two systems is not justified by a so low rise in terms of efficiency. If an adequate roof surface is present, the system with solar and air sources seems to be an effective solution.
CONCLUSIONS
The aim of this work was to investigate and to compare the energy performances of some multi-source systems, obtained the coupling heat pump technology with renewable energy sources. The analysis was carried out considering a single-family house located in Vicenza, Italy. Four system configurations have been examined and simulated through TRNSYS tool. Solar energy was provided by PVT panels, whose thermal and electrical performances have been calculated by means of a mathematical model developed in Matlab. Two configurations with air, ground and solar sources have been analysed. One of these did not consider any integration between solar and ground sources, whereas the other one considered the possibility of recharging the ground with solar energy which exceeded the energy demand of the building. In the latter solution, solar panels could balance ground loads, and at the same time increase their electrical production thanks to the cooling during the recharge mode. However, this configuration did not lead to significant advantages in terms of energy efficiency. The lowest seasonal COP, equal to 3.34 for the tenth year, was obtained for the system with ground and air sources. That was partially due to the limited depth of the two boreholes.
The seasonal COP of the system where solar and air sources were considered was equal to 3.64, only slightly lower than those obtained for the more complex systems. The simulation results showed that for heating dominated buildings and so limited borehole fields, the configuration involving just solar and air sources was a good solution, despite the variability of those sources. 
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